RIASSUNTO. I materiali composite fibrorinforzati (FRP) possono essere utilizzati con successo per il rinforzo di costruzioni in conglomerato cementizio ed in muratura. Uno dei maggiori problemi nell'uso degli FRP, che spesso ne limita l'impiego, è la possibile decoesione della lamina in FRP dalla struttura esistente realizzata in materiale coesivo (calcestruzzo o muratura). Il presente lavoro affronta la problematica della modellazione della decoesione di lamine o tessuti FRP dal supporto, tenendo conto del possibile accoppiamento tra il degrado del materiale di supporto (calcestruzzo o muratura) ed il danneggiamento dell'interfaccia FRP-supporto in materiale coesivo. In particolare, per il materiale coesivo di supporto è proposto un modello di danno non locale di tipo integrale, governato dalla media pesata nello spazio di una deformazione equivalente, capace di evitare i problemi di localizzazione della deformazione e del danno e la forte dipendenza dalla discretizzazione nello schema agli elementi finiti. Relativamente all'interfaccia FRP-supporto, si utilizza un modello di danno locale governato dal valore dello spostamento relativo, tenendo conto della decoesione per modo I, modo II e modo misto. Il modello tiene in conto dell'accoppiamento tra il danno del supporto ed il danno di interfaccia. Alcune applicazioni numeriche sono presentate.
INTRODUCTION
he use of Fiber Reinforced Plastic (FRP) materials for the strengthening of existing concrete and masonry elements is growing and, actually, many structures have been yet reinforced adopting FRP; moreover several experimental and modeling scientific works have been published in the last decade [1] [2] [3] [4] [5] [6] [7] [8] . The use of FRP materials applied on the external surface of concrete or masonry structures has aroused new modeling problems. One of the main problem in the use of FRP is the so-called delamination phenomenon, which consists in the sudden decohesion of the FRP reinforcement from the concrete or masonry element, see for instance ref. [9] . In order to model the delamination T phenomenon and to predict the possible decohesion of the FRP from the support material, special interface models are often adopted. The response of these special elements is mainly based on the damage and/or on plasticity models. On the other hand, the concrete as well as the masonry are quasi-brittle materials, whose mechanical response is characterized by damage with softening, which is due to the development of micro-cracks. Thus, two damage effects could be present in the quasi-brittle reinforced structural elements: the body damage, which develops inside the domain of the continuous body, and the interface damage, which occurs at the FRP -concrete or masonry interface. It has to be remarked that experimental evidences demonstrate that the detachment of the FRP from the support material occurs with the peeling of a thin layer from the external surface of the quasi-brittle material; this collapse behavior is due to the fact that the strength of the glue used to fix the FRP to the support is greater than the strength of the concrete or masonry support. From this observation, it can be deduced that the body damage and the interface damage cannot evolve independently one from the other, in other words, they are coupled. In particular, the interface damage has to depend on the distribution of the body damage. In the knowledge of the authors, the first paper in which a coupled body-interface damage model has been developed is due to Freddi and Frémond [1] . In the present paper a damage model is proposed for the quasi-brittle material. The damage evolution is governed by an equivalent strain variable. In order to prevent strain localization and strong mesh sensitivity of the solution, typical of cohesive heterogeneous materials subjected to damage and softening, an integral-type of nonlocal model based on the weighted spatial averaging of a strain-like quantity is developed. Regarding the interface, the damage is governed by the relative displacement occurring at bond. A suitable interface model which accounts for the mode I, mode II and mixed mode of damage is developed. The coupling between the body damage and the interface damage is performed ensuring that the interface damage is not lower than the body damage evaluated on the bond surface. An initial simple application is performed in order to assess the performances of the proposed model in reproducing the mechanical behavior of quasi-brittle material strengthened with external FRP materials.
POSITION OF THE PROBLEM
mechanical system made of two bodies 1  and 2  , schematically illustrated in Fig. 1 , is considered. The two bodies, subjected to body forces, surface forces and prescribed displacements, are connected by an adhesive interface On the other hand, the independent evolution of the two damage variables can lead to physically unacceptable results. The mechanical system illustrated in Fig. 2 , representing the scheme of a possible decohesion test, is considered. A damage evolutive model is adopted for the material constituting the body 1  ; regarding the interface, a mode II damage model is assumed. In particular, limiting the analysis to the tangential effect, i.e. neglecting the normal stress, the interface constitutive relationship is written in the form:
The damage parameter is function of the history of relative displacement as follows: (2) where the parameter D   is expressed by the relationship : The properties of the materials constituting the considered scheme are the following: Finite element analyses are performed in order to evaluate the maximum value of the carried force max  assigned and constant during the whole analysis, while the interface damage evolves during the loading history. Thus, the body and interface damages are uncoupled. In Fig. 3 
the optimal adhesion length increases and also the maximum value of max F increases. While the first results is absolutely expected, the second one appears physically unacceptable, as it implies that more the support material is damaged greater values of the forces can be transmitted from 2  to 1  . This strange effect is due to the uncoupled damage evolution of the body and of the interface. 
where ε is the strain tensor,  and  are the Lamé parameters, w is the initial threshold energy, k is a parameter measuring the nonlocal effect, I and I  are the indicator functions of the sets   0,1 and   0,  , respectively, c is the viscosity parameter of damage, while the dot symbol  denotes the scalar product between two tensors, the superposed dot on the damage variable indicates the derivative with respect to the time. The free energy and the pseudo-potential of dissipation of the interface  are:
where w  is surface Dupré energy, k  is a parameter measuring the nonlocal effect, I  is the indicator function of the set   ,0  ,  indicates the scalar product, N is the outward versor normal to the domain 1  in correspondence of the interface  , k  is the interface stiffness, , k   is the surface-domain interaction parameter and c  is the viscosity parameter of interface damage. Moreover, a further nonlocal interface effect is also introduced in the FF model. T
The derivatives of the free energies with respect to the observable and internal variables lead to the state equations. The derivative of the pseudo-potentials of dissipation with respect to the damage variable allows to derive the evolutionary law for the damage. o because of the damage coupling and of the nonlocal damage diffusion, if the body damage evolves, then the interface damage occurs; analogously, the growth of the interface damage induces the body damage evolution.
THE NONLOCAL INTERFACE-BODY DAMAGE MODEL
he mechanical system under investigation is composed by the body 2  , localization of the strain and damage could occur. In order to overcome this pathological problem and, also, to avoid strong mesh sensitivity in finite element analyses, nonlocal constitutive law is considered. In particular, an integral nonlocal model is adopted; in fact, the nonlocal value of the strain tensor evaluated as: (9) where    x is a weight function. It is assumed that the degradation of the cohesive material is due to the positive principal strain [11, 12] ; thus, the equivalent strain is introduced: (10) where 1  and 2  are the nonlocal principal strains and the symbol  denotes the positive part of a number. An exponential damage evolution law is considered:
where the starting value of D  is zero, 0  is the initial threshold damage strain and k is a material parameter associated to the damage energy.
About the evolution of the interface damage parameter D  , a model which accounts for the coupling of mode I of mode II of fracture is considered [13, 14] . In fact, the two quantities N  and T  , defined as the ratios between the first cracking 
Then, the relative displacement ratios are introduced: (14) and the equivalent relative displacement ratio is considered:
Finally, the damage parameter is assumed to be a function of the history of relative displacement as follows:
where the parameter D   can be expressed by the relationship :
Note that the Eq. (17) allows to obtain a linear stress -relative displacement relationship when pure mode I or pure mode II is activated. In fact, setting for instance
Thus, in the softening phase, the normal stress at the interface results: 
where the superscript c indicates that the evaluated damage accounts for the coupling between the interface and the body damages. The following remarks can be emphasized: o if the body 1  is damaged, implicitly the interface is even damaged; in other words, the damage state of the interface depends on the state of degradation of the body. o if the body 1  is not damaged, the interface damage is governed by the variable D  , i.e. on the relative displacement occurring on the interface. In order to perform a first and simple assessment of the proposed model, the problem proposed in previous section, as a possible delamination test, is considered again, but accounting for the coupling damage given in Eq. (21). The damage of the body indeed is equivalent to the reduction of the initial properties of the interface. This last results appears much more reliable with respect to the one obtained adopting the uncoupled damage model.
CONCLUSIONS
n conclusion, a coupled interface-body nonlocal damage model is proposed. The presented application consider a very simple structural scheme, subjected to elementary loading and damage histories. Although the simplicity of the scheme and the damage evolution of the considered application, it is remarked the necessity of the use of the coupled damage model for the analysis of the reinforced concrete or masonry structural elements. The research will continue implementing the proposed model in a finite element code in order to develop an effective tool for the strengthening design and to investigate on mode complex structural applications. 
